• Lysosomal storage affects NK-cell frequency, development, and function.
Introduction
Lysosomal storage diseases are inherited metabolic diseases caused by defects in lysosomal enzymes, transporters, channels, or regulatory proteins. 1 Niemann-Pick type C (NPC) disease is a neurodegenerative lysosomal storage disease with heterogeneous presentation including seizures, ataxia, dysarthria, and dysphagia leading to premature death in childhood or young adulthood. 2 Inflammation is present in the central nervous system (CNS) and influences disease progression. [3] [4] [5] Mouse models of NPC disease phenocopy the human disorder and serve as authentic models of human disease. Treatment of an NPC mouse model with anti-inflammatory therapies improved function and lifespan, 6 implicating inflammation as an active contributor to pathogenesis. Because there is communication between the peripheral immune system and the CNS, changes in the peripheral immune system might influence CNS inflammation, as has been reported in other neurodegenerative disorders. 7 NPC disease is caused by mutations in 1 of 2 genes: NPC1 (95% of cases) or NPC2. 8 Because clinical disease and cellular phenotypes are the same irrespective of the gene mutated, it has been suggested that these proteins function in the same pathway. 9 The NPC1 gene encodes a transmembrane protein of the limiting lysosomal membrane, whereas the NPC2 gene encodes a soluble lysosomal cholesterol-binding protein. 10 Dysfunction of the NPC1 protein leads to a lysosomal calcium defect in which the store fails to fill, causing reduced calcium release, which in turn blocks the fusion between late endosomes and lysosomes and leads to the storage of multiple lipids.
11 NPC1 is involved in the efflux of sphingosine from the lysosome, which could impact sphingosine-1-phosphate (S1P) levels, as demonstrated by reduced cellular S1P levels after NPC1 inactivation. 11 We hypothesized that natural killer (NK) cell biology may be altered in NPC1 disease due to the potential reduction in S1P gradients and defects in acidic store calcium filling 11 resulting in defective lysosome-related organelle degranulation. NK cells are lymphocytes that play an important role in the early response to viral infection by directly killing infected or transformed cells via the release of lysosome-related organelles. 12 NK cells develop in the bone marrow The online version of this article contains a data supplement.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734.
BLOOD, 2 JANUARY 2014 x VOLUME 123, NUMBER 1 51
For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From from the common lymphoid precursor, and the earliest committed NK-cell precursors are identified by their expression CD122. 13, 14 As with other lymphocyte lineages, NK cells migrate in response to S1P gradients, with lower concentrations found within lymphoid tissues and higher concentrations in circulating extracellular fluids. 15 In contrast to T and B cells, which use the S1P receptor 1 (S1P 1 ), 15 NK cells sense S1P gradients via S1P receptor 5 (S1P 5 ). 16 In mice lacking S1P 5, NK cells are "trapped" in the lymph nodes and bone marrow and are consequently depleted in the blood, spleen, and lungs. 16 In addition to S1P 5 expression, NK-cell tissue distribution is also influenced by chemokine receptors. 17 We have found that the frequency, maturation, and phenotype of NK cells from the NPC1 mouse are altered compared with control animals and the frequency phenocopied which has been reported for the S1P 5 knockout mouse. Similar alterations in frequency and phenotype were also identified in NPC1 patients and to a lesser extent in heterozygous carriers of the NPC1 mutation. Furthermore, NK cells from the NPC1 mouse demonstrated defective cytotoxicity, which was the result of reduced lysosome calcium content/release of NPC1 NK cells. These findings have important clinical implications for the treatment and management of NPC1 patients and also identify NK cells as a novel clinical biomarker for NPC disease.
Materials and methods

Animals
The NPC1 mouse BALB/cNctr-Npc1 m1N /J (The Jackson Laboratory, Charles River, UK), was maintained by heterozygote brother/sister matings and genotyped as previously described. 18 All animal studies were approved by the UK Home Office (Animal Scientific Procedures Act, 1986).
Cell preparation
Single-cell suspensions of lymph nodes (pooled inguinal), spleen, and bone marrow were prepared according to standard procedures. For lung and liver, they were obtained following saline perfusion and digested with collagenase prior to Percoll discontinuous gradient (67.5%/44%) to isolate lymphocytes. Blood was collected by cardiac puncture, red blood cells were lysed, and the equivalent of 100 mL whole blood was used for staining.
Human blood samples
Venous blood was collected into EDTA tubes and mononuclear cells were isolated using Histopaque 1077. All samples were obtained with informed consent/assent in accordance with the Declaration of Helsinki and ethical approval from participating centers.
NK cytotoxicity
Single-cell suspensions were prepared from the spleen of 5-week-old animals and activated for 6 days with 500 U/mL human interleukin-2 (IL-2; Peprotech) in complete medium. YAC-1 target cells were labeled with 1 mM carboxyfluorescein diacetate succinimidyl ester and were added to 96-well round-bottom plates at effector to target ratios indicated for 4 hours at 37°C. The cells were washed twice with ice-cold fluorescenceactivated cell sorter buffer and then resuspended in 200 mL Live/Dead far red (Invitrogen). Cells were fixed with BD Cell Fix prior to acquisition, where 2000 target cells were collected.
Mouse NK-cell degranulation and IFN-g production Splenocytes were prepared and activated as above. Degranulation and interferon-g (IFN-g) assays were performed as previously described, 16 with full details provided in the supplemental Methods (available on the Blood Web site).
Single-cell calcium determination
Single-cell suspensions were prepared from 5-week-old animals. NK cells were enriched by negative selection using a cocktail of antibodies (CD4, CD8, major histocompatibility complex class II, CD19, CD45R, and TER119). NK cells were used immediately for single-cell Ca 21 imaging, loaded with 5 mM fluo-4/AM (Invitrogen) plus 0.03% Pluronic F127 in RPMI 1640 for 30 minutes at room temperature, and mounted on the stage of a Zeiss LSM510 Meta confocal laser-scanning microscope (Ex 488 nm, Em .505 nm) equipped with a 340 objective. Experiments were conducted in RPMI 1640 at room temperature with an image collected every 1 to 5 seconds. The fluorescence of single cells was measured and expressed as fold changes over basal (F/F 0 ). Calcium release was achieved with the application of glycyl-Lphenylalanine-2-napthylamide (GPN; Sigma-Aldrich) followed by ionomycin (Calbiochem). NK cells were identified at the end of the run by labeling with 1 mg/mL Alexa 647-conjugated anti-NKp46 antibody with only the NKp46 1 cells included for intracellular [Ca 21 ] measurements.
Staining and flow cytometry analysis
Samples were blocked with 1 mg mouse BD FC Block (mouse samples) or 5% normal mouse serum (human samples) for 10 minutes prior to addition of multicolor antibody cocktails using titrated amounts to give saturating binding; dead cells were excluded using Live/Dead aqua (Invitrogen). All samples were acquired on a FACSCanto II (BD Biosciences). For all mouse and human phenotyping, gating was established using fluorescence minus 1 controls with the appropriate isotype control added. All samples were analyzed using FlowJo unless otherwise stated. For human T, B, and NK-cell (TBNK) analysis, whole-blood samples were tested with BD 6 color TBNK kit with TruCount tubes according to the manufacturer's instructions. The instrument was set up using BD 7 color setup beads, and samples were acquired and analyzed using BD FACSCanto clinical software.
Lipid analysis
Pooled inguinal lymph nodes were homogenized in phosphate-buffered saline and a protein assay was performed. For mass spectrometry (MS) determination of lipid content, proteins were precipitated with methanol and the supernatant subjected to analysis using online column trapping liquidchromatography tandem MS (API-4000 spectrometer; Applied Biosystems, Foster City, CA) with internal standards and sphingolipid standards for calibration obtained from Matreya (Pleasant Gap, PA) and Avanti Polar Lipids (Alabaster, AL) (details in the supplemental Methods).
Statistical analysis
Data were analyzed using Prism v4 (Graph Pad) statistical methods as indicated in the figure legends.
Results
Altered NK-cell frequency in NPC1 mouse model NK cells were identified using NKp46, 19 due to the BALB/c background, defined as NKp46 1 CD3 2 CD19 2 and determined as the percentage of CD45 1 cells. The percentages of NK cells in the bone marrow, spleen, lymph node, liver, lung, and blood showed progressive changes with disease progression in Npc1 2/2 mice compared with controls (supplemental Figure 1) . At end stage (10 weeks), the alterations to the NK-cell percentage were identical to that observed previously in S1P 5 -deficient mice, 16 with increased NK cells in the bone marrow and lymph node and decreased NK cells in spleen, lung, and blood ( Figure 1A ). In addition, we determined the absolute number of NK cells in the spleen and lymph node and observed that the alterations in NK-cell percentages were mirrored in modified NK-cell numbers ( Figure 1B ).
To determine if the altered NK cell distribution was due to alterations in S1P gradients, we performed lipidomic analysis on inguinal lymph nodes from NPC1 mice. The almost 10-fold elevation in sphingosine was not mirrored by a comparable increase in S1P, consistent with sphingosine trapped in the lysosome unavailable for phosphorylation. The level of S1P was also increased 3-fold in NPC1 lymph nodes (Table 1) , suggesting S1P may be trapped in the tissue and could result in a defect in establishing the gradient between the lymphatic fluid and the lymph node resulting in the failure of NK cells to migrate. Figure 2 ). Two additional markers were used to assess the development of NK cells, killer cell lectin-like receptor G1 (KLRG1) 21 and CD146, 22 and a similar trend was observed with both markers. NK cells from the spleen of Npc1 2/2 animals expressed significantly less KLRG1 compared with control animals from 6 weeks of age ( Figure 3A ) and had decreased numbers of CD146 1 NK cells from 6 weeks of age ( Figure 3B ). In the lymph node at early time points in development, there was an increase in KLRG1 1 NK cells in Npc1 2/2 animals, but at 10 weeks the percentage of KLRG1 1 NK cells ( Figure 3A ) and The expression of DX5 (CD49b), another indicator of NK-cell maturation, 23 the IFN-g-inducible chemokine receptor CXCR3, animals. Data are presented as mean 6 standard error of the mean (SEM), n 5 3 to 10 animals with 2 independent determinations of NK-cell frequency per animal, or n 5 5 for NK-cell number. *P , .05, **P , .01, and ***P , .001, calculated with the Mann-Whitney U test using GraphPad Prism v4. For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From and a NK-cell activation marker, CD69, were also tested. These markers all demonstrated age-related changes in expression (supplemental Figure 3 ). Taken together, these results demonstrate that alongside the alteration to the frequency of NK cells in multiple tissues of NPC1 animals compared with controls, there are also age-related developmental and phenotypic alterations. 
NKp46
1 CD3 2 cells. Quadrant gates were set using fluorescence minus 1 with isotype controls (for example, see supplemental Figure 2 ).
Circles represent control Npc1 1/1 animals and squares represent affected Npc1 2/2 animals; ages are 61 day. Data are presented as mean 6 SEM, n 5 3 to 7 animals. *P , .05, **P , .01, and ***P , .001, calculated by an unpaired t test comparing to the age-matched controls, using GraphPad Prism v4.
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NK-cell function in NPC1 mice
We investigated the function of IL-2-activated splenic NK cells from NPC1 mice. Due to the differences in maturation stages, we performed the experiments on NK cells isolated from mice at 5 weeks of age when there was no difference in CD27 and CD11b expression relative to controls (data not shown). Using the prototypic NK-cell target, YAC-1 cells, we found a significant defect in cytotoxicity of IL-2-activated NK cells generated from Npc1 Figure 4C ), suggesting that the signaling pathways are intact and instead there is a specific defect with degranulation. In fact, using YAC-1 cells as a target, the Npc1 2/2 NK cells had a significant increase in intracellular IFN-g production ( Figure 4C ). Because lysosomes, in addition to the endoplasmic reticulum, can be a source of calcium release, 25 we sought to determine if the decreased lysosomal calcium known to occur in Npc1 2/2 cells 11 impacts granule exocytosis. In order to specifically assess the lysosomal calcium content of NK cells, we performed single-cell calcium assays on negatively isolated unstimulated NK cells. Lysosomal calcium stores were released by the application of GPN, which osmotically lyses cathepsin-containing lysosomes. 26 An example trace from a single NK cell is shown in Figure 4D , where after the addition of GPN there was an increase in the fluorescence of the control Npc1 1/1 NK cell indicative of lysosomal calcium release whereas the release was greatly decreased in the Npc1 NK cells ( Figure 4E ), consistent with previous studies of other NPC1 disease cell types. 11 Finally, to assess the role of lysosomal calcium in NK-cell degranulation, we performed the degranulation experiment in the presence or absence of monensin to alter the intracellular stores that ionomycin can target for calcium release. 27 In the absence of monensin, ionomycin can only release calcium from the endoplasmic reticulum and there was no difference in degranulation between Npc1 1/1 and Npc1 2/2 NK cells ( Figure 4F ).
However, in the presence of monensin (the same as for Figure 4B ), when ionomycin can release calcium from both the endoplasmic reticulum and lysosomes, there was a large increase in the degranulation of NK cells from Npc1 1/1 mice but no increase in Npc1 2/2 NK cells, resulting in a significant decrease in the number of cells that had degranulated ( Figure 4F ). These data indicate that lysosomal calcium contributes to the calcium release required for NK-cell cytotoxic granule exocytosis and that this is defective in NPC1 cells due to the decreased calcium content of lysosomes/lysosome-related organelles.
NK-cell frequencies in NPC1 patients and carriers
We then sought to determine whether similar NK-cell changes occur in NPC1 patients. Analysis of healthy controls showed that NK-cell frequencies change with age, in agreement with a previous report. 28 Therefore, we stratified the data into birth to 18 years and 18 years and older. The frequency of circulating NK cells as percentage of CD45 1 lymphocytes ( Figure 5A ) or absolute cell counts ( Figure 5B ) was decreased in NPC1 patients aged over 18 compared with age-matched controls. Interestingly, NK-cell numbers were also decreased in NPC1 heterozygotes (carrier parents aged .18 years) compared with controls older than 18 years ( Figure 5A-B) . Furthermore, when plotted as a function of age, the NK-cell percentage increased in healthy controls as previously reported, 28 whereas NPC1 patients exhibited no expansion in NK-cell number and the regression lines were significantly different from healthy controls ( Figure 5C-D) . It was not possible to perform the same analysis on NPC1 heterozygotes because we only knew they were older than 18 years. There were no differences in other lymphocyte populations in either the NPC1 patients or NPC1 carriers compared with controls (supplemental Figures 5 and 6 ). to 7 animals. *P , .05, **P , .01, and ***P , .001, calculated by an unpaired t test comparing to the age-matched controls, using GraphPad Prism v4.
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NK-cell phenotype in NPC1 patients and carriers
We evaluated a large panel of phenotypic markers combining all NPC1 patients into a single group, because we did not find any influence of age on expression (data not shown). Human NK cells in the blood are either CD56 bright or CD56 dim with differential capacity for cytokine production, cytotoxicity, and proliferation, 29, 30 with CD56 bright NK cells reported to be a more immature developmental intermediate. 31 The percentage of NK cells that were CD56 bright was significantly higher in the blood of NPC1-affected patients than in controls ( Figure 6A ), although it is not possible to determine if this is a relative increase in CD56 bright NK cells or a decrease in CD56 dim NK cells. We found no difference in the expression of markers including CD25, NKp30, and NKp46 (data not shown). However, there was a significant increase in the percentage of NKG2C 1 ( Figure 6B ), DNAM1 1 ( Figure 6C ), CD94 1 ( Figure 6D ), and CXCR3 1 ( Figure 6E ) NK cells in NPC1 patients compared with controls. Taken together, NK cells in NPC1-affected patients exhibit altered developmental status. We performed functional characterization on a limited number of adult NPC1 patients and controls. There was no difference in degranulation in response to K562 cells relative to controls ( Figure 6F ). Although this does not reproduce the findings in the mouse model, it should be noted that these were adult NPC1 patients and hence have a milder phenotype. However, there was a significant increase in the percentage of IFN-g 1 NK cells after activation with IL-12 and IL-18 in these patient samples (P 5 .0043; Figure 6G ). This could be linked with the increased percentage of CD56 bright NK cells in NPC1 patients, because the CD56 bright NK-cell population is the most significant producer of IFN-g 31 (supplemental Figure 7) .
Discussion
NK cells are significantly altered in frequency, maturation status, phenotype, and function in NPC1 mice compared with age-matched controls. These observations are clinically relevant, because we observed a similar decrease in the frequency of NK cells in the blood of adult (.18 years) NPC1 patients compared with age-matched controls. We also found that NPC1 heterozygote carriers have decreased NK-cell numbers compared with controls, which is in agreement with previous findings from fibroblasts, 32 suggesting that 50% NPC1 function is not sufficient to prevent cellular phenotypes developing.
NK cells isolated from the spleens of NPC1 mice demonstrated a defective ability to kill an NK-sensitive target cell. This defect was associated with an inability to release cytotoxic granules, as demonstrated by decreased CD107a externalization and linked to the decreased lysosomal calcium content that occurs in NPC1 cells, including NK cells. This is, to our knowledge, the first time that lysosomal calcium has been implicated in cytotoxic granule secretion in NK cells, although this is consistent with them being a specialized secretory lysosome. 33 In agreement with this, cytotoxic granules in cytotoxic T cells (CTLs) were recently shown to be a source of calcium for their exocytosis. 34 When NK cells contact their target, they form an immunologic synapse in an analogous manner to CTLs where the microtubule organizing center and Golgi apparatus become polarized. 35 Calcium influx from an extracellular source has been shown to be essential for granule exocytosis from CTLs 36 via store-operated calcium entry (SOCE), which requires the calcium-release-activated channel, ORAI1, 37 and the intracellularcalcium-depletion sensor, STIM1. 38 Recently, it has been demonstrated that SOCE, via ORAI1 and STIM1, is also required for cytotoxic granule secretion from human NK cells 39 ; however, the requirements for murine NK cells have not been studied. Interestingly, it has previously been reported that treatment of NK cells with ammonium chloride, which would alter the pH gradient and deplete the lysosomes of calcium, greatly reduces the cytotoxic function of murine NK cells. 40 Furthermore, other lysomotropic agents such as chloroquine and dansylcadaverine have also been demonstrated to decrease target-cell killing by both NK cells and CTLs. 41 Therefore, the role of lysosomal calcium in cytotoxic granule release from both NK cells and CTLs is a new area of investigation. Functional assays on NK cells from human NPC1 patients and controls were performed on a limited number of donors. Degranulation after activation with K562 cells was not affected, but IFN-g production was significantly increased in response to stimulation with IL-12 and IL-18 in NPC1 patients. Further investigation, in particular with more severe NPC1 mutations, will be of interest to further explore these findings. The mechanisms causing the alterations in NK-cell frequencies in NPC1 mice and in NPC1 patients and heterozygotes remain to be fully dissected. They are likely linked to alterations in S1P gradients, although this will require studies in a larger animal model of NPC1, such as the feline. 42 This is supported by the fact that at end stage, the NPC1 mouse NK distribution phenocopies that reported in S1P 5 knockout mice. 16 Furthermore, T-and B-cell frequencies are reduced in the blood of the NPC1 mouse at end stage but are not altered in blood samples from NPC1 patients (A.O.S. and F.M.P., unpublished data; supplemental Figures 5 and 6) . A potential reason for this differential response of NK cells compared with T and B cells could be the very severe phenotype of the mouse relative to the patients and/or differential emergence of NK, T, and B cells during human development. In agreement with S1P alterations being a crucial factor, our lipidomic analysis demonstrates the storage of sphingosine and also S1P in the Npc1 2/2 lymph nodes compared with Npc1
controls. The catabolism of ceramide to produce the sphingosine required for the generation of S1P can occur in several cellular compartments and in the extracellular space by the action of multiple pH-sensitive ceramidases. 43 However, because sphingosine kinase is expressed in the cytosol, the majority of S1P is generated intracellularly and requires transport out of the cell to act on extracellular receptors. 43 It has recently been shown that Spns2 is an S1P transporter essential for immune system function and that expression of Spns2 in endothelial cells is required for correct lymphocyte trafficking, 44, 45 but the results on the impact on S1P levels in the lymphatic fluid and plasma are conflicting. 45, 46 Furthermore, these studies indicate that Spns2 can transport sphingosine in addition to S1P, 46 so it could be that the increased sphingosine competes with S1P for transport. It is also possible that a cell-intrinsic S1P signaling pathway could be disrupted.
A developmental defect was also identified in NK cells from both the NPC1 mouse and patients. In the murine model, we assessed the developmental status of NK cells in multiple tissues using a panel of markers and identified that the severity of the developmental abnormality was linked to disease progression. In human NPC1 patients, we identified an increase in the number of NK cells that expressed high levels of CD56; these CD56 bright NK cells in the peripheral blood are believed to be more immature compared with their CD56 dim counterparts. 30 In addition, we also found that more NK cells from NPC1 patients expressed CD94 and CXCR3, markers that have been linked to developmental status and/or specialized subsets of human NK cells. 31, 47 The increased percentage of NKG2C 1 NK cells in the blood of NPC1 patients is unexplained, although we do not know the cytomegalovirus status of our clinical samples. Further studies will be required to understand the causal factors behind the developmental defect of NK cells in NPC1 mice and humans. However, it is probable that many aspects are associated with disease progression/progressive lipid storage and inflammatory changes (F.M.P., unpublished observations). These findings have important clinical implications, because NK cells in human NPC1 pediatric patients with severe disease may exhibit the same functional defect in cytotoxic granule secretion as occurs in the NPC1 mouse. This may result in an inability to efficiently clear infections, which could be linked to respiratory complications, often contributing to cause of death. 48 Because inflammation in the periphery and the CNS are interrelated in neurodegenerative diseases, 7, 49 alterations to NK cells and inflammation in the periphery could also influence inflammation in the brain.
